Neuroimaging investigations consistently demonstrate that the neural processes involve complex interactions between the large-scale networks. Among those networks, the dorsal attention We recorded the resting state functional MRI, assessed patterns of functional architectures between the four networks using dynamical causal modeling, and compared between NC and MCI. Our analysis showed that the DAN modulates the activity between the HCN and the DMN in both MCI and NC. We further uncovered that the DAN modulates the activity between the HCN and the CEN in NC, but such modulation is impaired in MCI. We found an association between impaired modulation and Montreal cognitive assessment (R = 0.349). Overall, our findings provide important insight in understanding the neuroimaging signature of amnestic MCI and/or Alzheimer's disease.
to have impaired activity in amnestic mild cognitive impairment (MCI) and/or Alzheimer's disease (Allen et al., 2007; Dubois et al., 2016; Zhang et al., 2011) . The patterns of interactions of the HCN with the three key networks-DAN, CEN, and DMN-are yet unknown.
Emerging evidence consistently suggests that cognition involves a set of large-scale networks and their complex interactions (Biswal, Haughton, & Hyde, 1995; Buckner, Andrews-Hanna, & Schacter, 2008; Chand & Dhamala, 2016b; Chand, Wu, Hajjar, & Qiu, 2017b; Chand, Wu, Qiu, & Hajjar, 2017c; Deco, Jirsa, & McIntosh, 2011; Fox et al., 2014; Friston, Moran, & Seth, 2013; Menon, 2011; Stephan et al., 2010) . Among those networks, the DAN and the CEN have formerly been reported to exhibit anti-correlated network activity with the DMN (Rohr et al., 2016; Vincent et al., 2008; Wang et al., 2015) . The CEN, especially the dorsolateral prefrontal cortex node, has rich connections with several areas in the brain such as visual, somatosensory, and auditory areas, and has been argued to communicate with the occipital, parietal, and temporal cortices in several cognitive functions, such as integrating information from the external environment with the stored internal representation during executive decision-making processes (Chand & Dhamala, 2017; Chand, Lamichhane, & Dhamala, 2016; Miller & Cohen, 2001; Petrides & Pandya, 1999) . However, the functional role of CEN has conflicting reports with the progression of disease (Diener et al., 2012; Li et al., 2015) . The activity of the DMN and the HCN has been repeatedly shown to decline in the MCI and/or Alzheimer's disease (Allen et al., 2007; Greicius & Kimmel, 2012; Greicius, Srivastava, Reiss, & Menon, 2004) . Moreover, the studies in healthy elderly population show that the HCN is functionally connected with the frontal, parietal, occipital, and temporal lobes and it exhibits the decreased functional connections, especially with the frontal/prefrontal cortex in Alzheimer's disease (Allen et al., 2007) . The DAN is involved in top-down orienting processes and shows elevated activity after presentation of cues indicating where, when, or to what the individuals should direct their attention (Fox, Corbetta, Synder, Vincent, & Raichle, 2006) . Recent investigations in MCI/Alzheimer's disease have revealed that the DAN is functionally impaired greater than its ventral subsystem (ventral attention network)-a key system for bottom-up processes-suggesting that the MCI/Alzheimer's disease patients might have deficits in top-down control processing than bottom-up processing (Bokde et al., 2010; Li et al., 2015 Li et al., , 2012 .
Recent studies indicate that functional MRI-based brain activity is linked with the spatial spreading of Alzheimer's disease-related brain abnormalities (Jones et al., 2016; Mutlu et al., 2017) . The gray matter atrophy-possibly reflecting tau pathology-spreads across regions via specific functionally connected pathways and the hubs such as the HCN and the posterior regions of DMN and CEN are especially vulnerable to amyloid-beta deposition and glucose hypometabolism (Mutlu et al., 2017) . Thus, studying the specific brain networks and/or their interactions is a novel approach that may shed light on our knowledge of MCI and/or Alzheimer's disease pathology. However, a large body of literature in MCI/Alzheimer's disease research have mainly reported the altered activity in individual network such as the reduced activity in the DMN (Brier, Thomas, & Ances, 2014; Greicius & Kimmel, 2012; Greicius et al., 2004) , DAN (Li et al., 2012) , HCN (Allen et al., 2007) , and the increased activity in the prefrontal/frontal cortex of the CEN (Franzmeier, Duering, Weiner, Dichgans, & Ewers, 2017).
Investigations have repeatedly highlighted that the HCN is a key memory processing system in the brain and have also indicated that this memory system is declined in amnestic MCI and/or Alzheimer's disease (Allen et al., 2007; Dubois et al., 2016; Zhang et al., 2011 <6 for <7 years of education. MRI data were also acquired from cognitively normal control subjects who had age ≥50 years, CDR = 0, FAQ ≥9, and normal logical memory subscale: ≥11 for 16 or more years of education, ≥9 for 8-15 years of education, and ≥6 for <7 years of education. The subject's exclusion criteria were the history of stroke in the past 3 years, ineligible to perform the MRI due to metal implants or cardiac pacemaker, inability to perform the cognitive test (Table 1) .
| Image acquisition
MRI images were recorded using Siemens 3 T Trio scanner at Center for Systems Imaging, Emory University, Atlanta. Anatomical 3D images were acquired in sagittal using a T1-weighted magnetization prepared rapid gradient echo sequence with the repetition time and not to think anything during resting state BOLD-fMRI recording.
| Image analysis
Image analysis consists of the following main steps.
| Image preprocessing
Images were preprocessed using SPM12 (Wellcome Trust Centre for Neuroimaging, London, United Kingdom; www.fil.ion.ucl.ac.uk/spm/ software/spm12). Preprocessing steps were slice time correction, motion correction, co-registration to an individual anatomical image, normalization to Montreal Neurological Institute (MNI) template, and spatial smoothing of normalized images using 6 mm isotropic Gaussian kernel. Independent component analysis was then carried out on those preprocessed data.
| Regions of interest (ROIs) and independent component analysis (ICA)
The coordinates from previous studies (Chand & Dhamala, 2016a; De Rover et al., 2011; Sridharan, Levitin, & Menon, 2008; Vincent et al., 2008) were used in the MarsBaR package (http://marsbar.
sourceforge.net) to create the mask for each network. We defined spherical regions with 6 mm radius based on MNI coordinates centered at the key nodes as shown in Table 2 .
We used the four networks in the Group ICA of fMRI Toolbox (GIFT; http://mialab.mrn.org/software/gift) and computed ICA component of each network. Spatially constrained ICA is a useful technique for the selective network(s) based analyses (Lin, Liu, Zheng, Liang, & Calhoun, 2010) . This approach has been formerly reported to provide better representative signal than choosing an average or first eigen-variate of the template (Chand, Wu, Hajjar, & Qiu, 2017a; Craddock, James, Holtzheimer, Hu, & Mayberg, 2012; Goulden et al., 2014; Shirer, Ryali, Rykhlevskaia, Menon, & Greicius, 2012; Smith et al., 2011) . We subsequently carried out a dynamical causal modeling methodology on the ICA-components.
| Dynamical causal modeling (DCM) analysis
DCM analysis (Friston, Harrison, & Penny, 2003) provides the statistical measure of directed functional connectivity between brain areas or networks. DCM is based on Bayesian model selection approach and compares the user-defined models with the measured data (Stephan et al., 2010) and has recently been implemented in resting state fMRI (Daunizeau, Stephan, & Friston, 2012; Friston, Kahan, Biswal, & Razi, 2014) . In model construction, DCM models were designed with full intrinsic connections between the four networks and the modulations were taken to define the models. For example, models 1-3 represent nonlinear modulations from the DMN on the reciprocal connections between the DAN, CEN, and HCN as shown in Figure 3 .
Similarly, models 4-6 show the modulations from the DAN, models Bayesian model selection method accounts better for heterogeneity of model structure across subjects (Stephan et al., 2010) . We used this method to determine an optimal model from the possible models. This method provides results in terms of the posterior model probabilityhow likely a specific model generated the data of randomly selected subject-and the posterior exceedance probability-how one model is more likely than any other model.
| Cognitive function assessment
Montreal cognitive assessment (MoCA) (Nasreddine et al., 2005) 
| Statistical analysis
Normal control group and MCI group were compared using the Mann-Whitney U test regarding the subject's age, education, and
MoCA score. The discrete variables that is, race and sex were compared between the groups using the chi-square test. 
| Relationship between network interaction and cognitive function
To explore the relationship between network interaction and cognitive function, we investigated the association of impaired network connectivity strength with the global cognitive testing as assessed by the MoCA score in MCI group (since normal control group had normal scores).
| RESULTS
We used the default-mode, dorsal attention, central-executive, and hippocampal networks masks in Group ICA of fMRI Toolbox (GIFT;
http://mialab.mrn.org/software/gift) and calculated the network specific ICA component. We carried out the DCM analysis using random effects-based Bayesian model selection. The first column of Figure 4 shows the expected posterior model probability and the exceedance probability in the normal control group. DCM analysis revealed that the model between DMN and HCN) has a higher probability than other models; between CEN and HCN) has no longer higher probability value than other models in MCI group.
The probabilities of models were further compared within the normal control group and MCI group using the Mann-Whitney U test ( Figure 5 ). In the normal control group (Figure 5a ), our analysis demonstrated that model 5 and model 6 had significantly higher probability than that of other models (p < .05; adjusted for demographics and Figure 6 ). We uncovered that the probability of model 5 had no significant difference between normal control and MCI (p > .05; adjusted for demographics and FDR), but the probability of model 6 had significantly lower value in MCI group than that of normal control group (p < .05; adjusted for demographics and FDR).
| Relationship between network interaction and cognitive function
We investigated the association between the impaired brain connectivity measures and the behavioral performance on MoCA in MCI group (since normal control group had normal scores). Lower connectivity strengths derived from DCM model parameter estimation was associated with lower performance on cognitive testing as reflected by the MOCA scores (R = 0.349). These results are presented in Figure 7 . In the normal control group, we found that the DAN modulated the activity between the HCN and the DMN, which was in accord with the previously reported top-down control role of the DAN (Fox et al., 2006; Li et al., 2012) . In addition, the DAN modulated the activity between the HCN and the CEN, suggesting the control role of DAN in effective coordination between the HCN and the CEN in normal cognitive functions. In the MCI group, the DAN modulated the activity between the HCN and the DMN like the control group; however, the DAN was not able to modulate the activity between the HCN and the CEN. Our findings that the impaired DAN activity is in line with former findings that the dorsal pathways are disrupted in MCI and/or Alzheimer's disease pathology (Bokde et al., 2010; Horwitz et al., 1995) . We further assessed an association between the impaired connectivity and the cognitive function reflected by global neuropsychological assessment suggesting a possible brain-behavior relationship. Vincent et al., 2008; Wang et al., 2015) . Functional role of the DAN has been mainly demonstrated in top-down control processes (Fox et al., 2006) during externally oriented cognitive actions, including eye movement, hand-eye coordination, and shift of spatial attention (Brissenden et al., 2016; Gao & Lin, 2012; Vincent et al., 2008) . The DMN and the HCN functions are suggested during passive mental states linked to internally directed cognition, including memory recall and thinking about the future (Huijbers et al., 2011; Vincent et al., 2008) . The HCN is functionally connected with the frontal, parietal, occipital, and temporal cortices (Allen et al., 2007) . The CEN, especially its the dorsolateral prefrontal cortex node, is structurally connected with the occipital, parietal and temporal cortices, and therefore this network is well situated to support a broad range of cognitive processes, such as integrating information from the external environment with the stored internal representation during executive decision-making processes (Chand & Dhamala, 2017; Chand et al., 2016; Miller & Cohen, 2001; Petrides & Pandya, 1999 Random effects results for the normal controls (NC) group and the mild cognitive impairment (MCI) group in terms of expected and exceedance probabilities: The first column demonstrates that the probabilities of model 5 and of model 6 are higher than other models in the NC group, and the second column demonstrates that the probability of model 5 is higher like the NC group, but of model 6 is decreased in the MCI et al. , 2015) . A large body of functional MRI and/or PET analyses have consistently illustrated that the DAN-a key system for top-down processes-is impaired but not the ventral subsystem-a key system for bottom-up processes-in the MCI and/or Alzheimer's disease pathology (Bokde et al., 2008 (Bokde et al., , 2010 Li et al., 2015 Li et al., , 2012 McIntosh et al., 1994) . Functional connections of the HCN are declined with the frontal/prefrontal cortex in Alzheimer's disease (Allen et al., 2007) .
Amnestic MCI and/or Alzheimer's disease investigations show the declined activity of the HCN-a key memory processing system in the brain-and of the DMN (Allen et al., 2007; Dubois et al., 2016; Greicius & Kimmel, 2012; Greicius et al., 2004) . However, the functional role of the CEN activity has remained unclear with the progression of disease (Diener et al., 2012; Li et al., 2015) . Our results are broadly in line with recent findings that support a link between functional MRIbased brain activity and the spatial spreading of Alzheimer's diseaserelated pathology (Jones et al., 2016; Mutlu et al., 2017) . Those studies suggest that the gray matter atrophy might reflect tau pathology and the atrophy spreads across regions via specific functionally (Jones et al., 2016) , it is worth evaluating in the future that whether there is a progressive alteration in the DAN modulation over the DMN and HCN in a group of Alzheimer's disease patients.
Although we leveraged a novel unified network approach focusing on the HCN, DAN, CEN, and DMN, and found the disrupted functional architectures in amnestic MCI, it is worth to note that our study sample is not relatively high. While the control group and MCI group are age-matched, the two groups are different in the race (albeit weak). To account for those differences, we leveraged a generalized linear regression of demographics (age, education, sex, and race) and believe that those demographic differences have influenced less in our findings. A recent study (Zhou et al., 2018) in healthy adolescent and young adults investigate interaction patterns among the DMN, DAN, and salience network, and suggest that the salience network resides at the apex of the hierarchy; however, the HCN and CEN were not considered in that analysis. Investigating such hierarchy in the MCI and Alzheimer's disease would be an interesting direction for the future. The main challenge of including the salience network in our current the four networks model would be that the number of possible DCM models increases significantly and the accuracy of DCM model comparison decreases (Stephan et al., 2010) .
FIGURE 5
Comparison between models within the normal control (NC) and mild cognitive impairment (MCI) groups: (a) both model 5 and model 6 had statistically higher probability than other models in NC, but (b) only model 5 had statistically higher probability than other models in MCI.
(Note: * represents statistically significant and n.s. represents statistically not significant) [Color figure can be viewed at wileyonlinelibrary.com]
Alterations in the winning model probabilities (model 5 and model 6) of normal control (NC) with mild cognitive impairment (MCI): The probability of model 5 had no significant (n.s.) difference between NC and MCI, but the probability of model 6 had significantly lower value in MCI than that of NC (*: p < .05)
In summary, we examined the patterns of interactions among the
